Abstract. The role of U-wire generated quadrupole like magnetic field configuration on loading of cold 87 Rb atoms in a magneto-optical trap (MOT) on atom-chip has been investigated. It is shown by simulations that the quadrupole field profile and the center of the quadrupole field vary depending upon the U-wire current and bias field values. The result of simulations show that the resemblance of generated field configuration to the ideal quadrupole field critically depends on the values of current in U-wire and bias magnetic field. The observed number of trapped atoms in the MOT and its position has also been found to depend on the quadrupole field configuration. The number of trapped atoms in the MOT reaches maximum when the field configuration approaches close to an ideal quadrupole field. This study will help in optimising the number in the MOT before transfer of these cold atoms in the atom-chip wire trap.
Introduction
Atom-chip [1, 2] , with micro-structured wires on a reflecting surface, provides a versatile platform for trapping, guiding and splitting of cold atom cloud on a miniaturized scale. It is expected to play the role of the basic building block in atom-optic devices such as precision inertial sensors [3] , gravimeters [7] , matter-wave interferometers [4] and precision sensing of DC magnetic field [5] as well as microwave field [6] with high spatial resolution. The cold atoms used in these atom optic devices are commonly produced by a magneto-optical trap (MOT) [8] in the temperature range of few micro-Kelvin to few hundreds of micro-Kelvin. To load a MOT with cold atoms, the atomic source could be the background vapor in the chamber or an atomic beam slowed down suitably by a Zeemam slower. The standard MOT formation involves six beams intersecting at the center of quadrupole field generated from a pair of anti-Helmholtz coils. However, this six beam geometry is not suitable for a MOT to be formed near the atom-chip surface. This requirement can be fulfilled by using a mirror-MOT configuration [9] which is commonly used to load the atoms near the atom-chip surface. In the mirror-MOT near the atom-chip surface, the quadrupole field can be generated by either a pair of anti-Helmholtz coils or by using a current carrying U-shaped wire behind the atom-chip and along with bias fields. The experimental set-up in the former case becomes more complicated with little optical access available near the central region for the MOT. The latter scheme involving U-wire for generation of quadrupole like magnetic field, called U-MOT scheme, provides better optical access, efficient transfer of cold atoms from U-MOT to micro-trap of atom-chip wire [10] and makes the set-up more compact. This can be helpful to produce the Bose-Einstein condensation (BEC) faster [11, 12] in time with less stringent requirement of vacuum. However, the studies on the loading of this U-MOT and its optimisation are limited and not reported in detail in the literature. Here, we report our studies on the loading of U-MOT for 87 Rb atoms on the surface of an atom-chip with U-wire generated quadrupole field. We have first simulated the magnetic field generated due to current carrying U-wire and bias fields. There are two homogeneous bias fields applied in the set-up, parallel (B y ) and perpendicular (B z ) to the plane of the U-wire. The effect of bias fields (for a given current in U-wire) on the structure of the quadrupole field and its center has been investigated. The results of simulations show that generated field configuration is close to ideal quadrupole field configuration for a set of parameters including current in U-wire and bias magnetic field values. Experimentally, we have observed that the number of cold atoms in the U-MOT is maximum for those values of current and bias field which result in the magnetic field configuration to approach closer to the ideal quadrupole field (shown by simulations) with appropriate field gradient. We have found that in our U-MOT set-up, the optimum values of bias magnetic fields are B y ∼ 8.0 G and B z ∼ 3.5G for a U-wire current of 40 A, which result in the maximum number of cold atoms ∼ 6.6 × 10 6 for cooling laser beam intensity ∼ 8.5mW/cm 2 and detuning of −14M Hz. These studies are, in general, useful in optimising the number of atoms in the U-MOT before transfer of these cold atoms to micro traps of an atom-chip. Working of a U-MOT depends on the correct orientation of quadrupole field with respect to polarisation of laser light beam in each direction. Therefore, it is essential to calculate the field configuration of the magnetic field due to U-wire and bias field. The simulations have been performed for the U-wire whose schematic is shown in fig 1. We have first simulated the complex current density in the U-wire using CST (Computer Simulation Tool) software. The value of U-wire current was kept at 40 A as per experimental limitation on the current due to heating of chip with higher value of current. It is clear from the fig 1 that current density is nearly homogeneous in central part of the U-wire. The current densities are higher on the edges. After having information about current density distribution in the U-wire, we have simulated the magnetic field for different values of bias field. The quadrupole like field could be formed by a appropriate combination of field due to U-wire and uniform bias field. show the calculated variation of field magnitude along y-and z-direction respectively for different bias fields. The quadrupole field gradient vector near the quadrupole center was found to be (5, 17, 19) G/cm for bias field of 11.0 G, (3.5, 11, 12) G/cm for bias field of 8.0 G and (2, 5, 4.5) G/cm for bias field of 5.5 G. It is to be noted that the position of the quadrupole field center is shifted along y-and z-directions for different bias field values. This shift is an important parameter to asses the position of the MOT center from the atomchip surface and the laser beams may be aligned accordingly for MOT formation. Figure 3 shows the vector field plots of quadrupole field for B z = 0 and different values of bias field (B y ). As, the bias field was reduced from 11.0 G to 5.5 G, the vector field lines were deviated more from ideal quadrupole axes (dotted lines). This is due to the shifting of minimum position in y-direction with reduction in the B y . The minimum position in y-direction is shifted by ∼ 4mm as B y is reduced from 11.0 G to 5.5 G, as shown in figs 2 and 3. Ideally, one would want the minimum at y = 0, which would require much higher value of B y , leading to much steeper field slope and reduced MOT volume. This is the probable cause for reduction in number of atoms in MOT as magnitude of bias field B y was increased from 8.0 G to 11.0 G, as discussed latter in section-3. Further, in order to bring the quadrupole field center near to y = 0 (which is center of atom-chip and U-wire), we introduce the z-component (B z ) in the bias field by using two separate Helmholtz coils. Figure 4 shows simulated vector field plot for different values of B z for a given B y = -8.0 G. As bias field in negative z-direction is increased, the quadrupole field center gets shifted towards y = 0 and the obtained quadrupole field axes (solid curve) are more aligned to the ideal quadrupole field axes (dashed line). For B z = -3.5 G field, these axes overlap each other and the obtained quadrupole field is close to ideal quadrupole field (fig 4(c) ). At further higher value of B z magnitude, the field lines starts to deteriorate from ideal quadrupole field as shown in fig 4(d) . Here we note that by introducing B z , the quadrupole center is not shifted along z-direction, as expected. These studies reveal that for a 40 A current in U-wire, bias fields (B y = -8.0 G, B z = -3.5 G) are optimum parameters for our experiments. 
Simulation of quadrupole field for U-MOT

Experimental setup and results
Atom-chip was fabricated using silicon (Si) substrate of size 25 mm × 25 mm (thisckness ∼ 1mm). A layer of SiO 2 of thickness 50 nm was deposited on Si substrate to make insulating layer. In order to increase the adherence strength between the SiO 2 layer and the gold layer, a thin layer of ∼ 50 nm thickness of Chromium (Cr) is coated on the substrate before depositing the gold (Au) of 2 µm. Two wires of U-shape (200 µm width) and one wire of Z-shape (200 µm width) are engraved on the gold coated surface of chip using photo-lithography technique as shown in fig. 5(a) . This chip served as a mirror surface for U-MOT formation. This atom-chip is placed on top of a mount system made on a DN 160 CF flange. This flange has four SS rods welded on it, on which a MACOR frame is fixed to hold the copper U-wire, copper Z-wire and atom-chip (on the top). The MACOR frame has appropriate grooves for these wires and atom-chip. The U-wire is located at ∼ 3 mm separation from the atom-chip. The MACOR frame is also connected to a solid copper block (which is connected to SS rods) for the heat removal as shown in fig.5 . There are four high current copper (Cu) feed-throughs (∼200 A capacity) and a 28-pin low current(few amperes on for each pin) feed-through fixed on the atom-chip mount flange as shown in fig. 5(b) . These high current feed-throughs can be connected to U-wire and Z-wire ( not used in the present work) to create the magnetic fields needed for the MOT formation and initial magnetic trapping. The experimental setup has an octagonal shaped vacuum chamber. This octagonal chamber is connected to a six-way cross on top of it using a ∼ 100 mm long I-piece. The atom-chip mount system is placed inside the octagonal chamber through this six-way cross such that chip surface is positioned ∼ 7 mm above the center of the octagonal chamber. The vacuum pumps (turbo molecular pump (TMP) (77 l/s) and sputter ion pump (SIP) (300 l/s)) are connected to this six-way cross for evacuating the chamber upto ∼ 6 × 10 −9 Torr. During the U-MOT operation, a current of 40 A is supplied to U-wire in presence of variable bias fields B y and B z . The central part of this U-wire has been kept broad (∼ 10 mm) to get a quadrupole field profile more close to the ideal one [10, 13] .
The optical layout used in the setup is shown schematically Fig. 6 . We have used a commercial oscillator-amplifier system (Toptica TA-Pro), capable of giving output power of ∼ 1 W at 780 nm, as a cooling laser to drive F = 2 → F = 3 transition for the 87 Rb MOT. A second laser, (Toptica DL-100), capable of generating an output power of 70 mW, is used as re-pumper laser to drive F = 1 → F = 2 transition of 87 Rb atom. The cooling and re-pumper laser beams are passed through acousto-optical modulator (AOM-1 and AOM-2) in double pass and single pass configurations respectively, as shown in fig. 6 . These two laser beams are mixed together using a non-polarizing beam splitter cube (NPBS). Four independent MOT beams are derived from this combined beam using suitable optics. The beams were expanded and truncated to the size of ∼ 17 mm diameter. Out of these four beams, two MOT beams (MOT beam-1 and MOT beam-2) with circular polarizations are incident on the atom-chip surface at 45 0 angle. The other MOT beams(MOT beam-3 and MOT beam-4) with circular polarisations are aligned in counter propagating arrangement close to the chip surface (parallel to the surface) such that central part of the U-wire is along the propagation directions of the beams as shown in fig 7(a) . Two pairs of coils in Helmholtz configuration are placed around the octagonal MOT-chamber to produce uniform bias magnetic filed in y-and z-directions. These Helmholtz coils along with U-wire are used to produce quadrupole like magnetic field required for the operation of U-MOT. A Rb-dispenser source to produce Rb vapour in the vacuum chamber is mounted on one of the view-port of the octagonal chamber. We have used the tunable Doppler-free dichroic lock (TDFDL) technique developed in our lab to tune and stabilize frequency of the cooling laser [14] . The quadrupole magnetic field was generated by flowing a 40 A current in U-wire and by applying ∼ 8.0 G bias magnetic field in negative y-direction. The quadrupole field strength was ∼ 3.5 G/cm along x-direction and ∼ 11-12 G/cm in radial direction (y and z directions) near the central region of the U-wire. The current in Rb-dispenser was maintained at 3.2 A during the experiments. The MOT cloud having cold 87 Rb atoms was formed at a distance of ∼ 3 mm below the atom chip surface ( as shown in fig. 7 (b) ). The fluorescence imaging technique using digital CCD camera and image processing software was used to estimate the number and temperature of the atom cloud in the MOT. The maximum number in the MOT was ∼ 3.7 × 10 6 at the temperature of ∼ 300 µK, for each cooling MOT beam intensity ∼ 8.5mW/cm 2 (detuning ∼ -14 MHz) and 40 A current in U-wire with bias fields B y = -8.0 G and B z = 0. The method of generation of quadrupole like field in the U-MOT is different from conventional MOT. In conventional MOT, the quadrupole field is normally generated using anti-Helmholtz coils. In the U-MOT, the quadrupole like field is generated by combination of U-wire with homogeneous bias magnetic filed. As we change the bias field for a fixed current in the U-wire, the quadrupole field center as well as the value of the field gradient change. Therefore, it is crucial to study the variation in the number of cold atoms in the U-MOT with different bias magnetic field to get optimum value of the bias field.
In our experiments with U-MOT, the variation in cold atom number with quadrupole field minimum position has been investigated. The images in the fig. 8 (a) of cold atom cloud in the MOT show the shift in the position of cold atom cloud along the z-direction for different values of bias field (B y ), with B z = 0. This is due to change in the position of the quadrupole field center as B y is varied at fixed B z = 0. For these measurements, all other parameters like cooling and re-pumping laser beam intensities and detunings etc. were kept unchanged. It is also observed that as distance between MOT cloud and chip surface varies, the number of atoms in the cloud also varies, as shown in fig. 8(b) . The maximum number of ∼ 3.7 × 10 of atoms in the MOT. Further, the effect of bias field in z-direction on the MOT formation is also investigated. Figure 9 shows the variation in the number of atoms in the MOT with bias field B z , for a fixed value of B y = -8.0 G. It is found that as we increase the bias field, the number of atoms increases and reaches maximum (∼ 6.6 × 10 6 ) for bias field of B z ∼ -3.5 G. With further increase in B z , the number decreases. This is consistent with our results of simulations ( fig. 4) that the field configuration with B z ∼ -3.5 G is close to the ideal quadrupole field for MOT.
As B z is changed from this optimum value, the resulting field orientation gets deteriorated from the ideal quadrupole field configuration.
Conclusion
In conclusion, the loading of MOT with U-wire and applied bias fields has been studied. The magnetic field configuration due to U-wire in presence of a bias field has been simulated. It is shown by simulations that the quadrupole field structure and the center of the quadrupole field vary depending upon the current in U-wire and bias field values. The field configuration, close to ideal quadrupole field configuration, is obtained for a given values of U-wire current and bias magnetic fields values. The observed number in the MOT-cloud and the position of cloud is found to be critically dependent on the U-wire current and bias field values. The observed number of atoms in the MOT is maximum for those current and bias field values which result in the field configuration to be close to the ideal quadrupole field. These studies can be useful in optimisation of the number of atoms in the MOT before transfer and trapping of atoms in the atom-chip wire trap.
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